Aims. We studied the X-ray properties of the young (∼ 1−8 Myr) open cluster around the hot (O8 III) star λ Ori and compared them with those of the similarly-aged σ Ori cluster to investigate possible effects of the different ambient environment. Methods. We analysed an XMM-Newton observation of the cluster using EPIC imaging and low-resolution spectral data. We studied the variability of detected sources, and performed a spectral analysis of the brightest sources in the field using multi-temperature models.
Introduction
The λ Ori cluster (Collinder 69), located at a distance of about 400 pc (Murdin & Penston 1977; Mayne & Naylor 2008) , consists of a group of ∼ 10 OB stars and ∼ 200 late-type premain sequence (PMS) stars concentrated within 1 deg of the O8 III + B0 V binary λ Ori AB. The cluster lies at the centre of an H ii region delimited by a dense ring of molecular gas and dust with a 9 deg diameter (Maddalena & Morris 1987; Zhang et al. 1989) . Based on an extensive optical photometric and medium-resolution spectroscopic survey of the entire region, Dolan & Mathieu (1999 suggested that star formation in the region started ∼ 6−8 Myr ago, and was interrupted ∼ 1−2 Myr ago by a supernova explosion which dispersed the parent gas cloud, creating the molecular ring, and unbound the cluster. They also found that the fraction of classical T Tauri stars belonging to the λ Ori cluster was only ∼ 7%, significantly lower than other clusters and star-forming regions (SFRs) of similar age, and suggested that circumstellar discs might have been photoevaporated by the far-UV radiation of the hot stars before the supernova explosion, when low-mass and OB stars were still confined by the parent cloud in a smaller region. Spitzer imaging by Barrado y Navascués et al. (2007) showed that only ∼ 30% of low-mass cluster members have circumstellar discs.
⋆ Based on observations obtained with XMM-Newton, an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA Sacco et al. (2008) compared the disc and accretion properties of low-mass stars in λ Ori with those of the similarly-aged cluster σ Ori, finding that not only the fraction of stars with discs, but also the fraction of discs that are actively accreting is significantly lower in λ Ori than in σ Ori. These authors suggested that the observed discrepancy might be due either to the effect of the massive stars and the supernova explosion, or to an older age of the λ Ori cluster with respect to σ Ori, although no definitive conclusion could be drawn from the available data.
An interesting question to answer is whether the supernova explosion and the different ambient environment might have affected the magnetic activity of PMS stars in the λ Ori cluster. To investigate this issue, we performed an X-ray observation of the λ Ori cluster using the XMM-Newton satellite. The observation was centred on the hot star λ Ori AB, in order to obtain both a high-resolution RGS spectrum of the central source and EPIC imaging data and low-resolution spectra over the whole field of view. A detailed analysis of the RGS spectrum of λ Ori AB will be presented in a forthcoming paper. Here we concentrate on the analysis of the EPIC data, to derive the X-ray properties of the cluster population; we will then compare the results with those obtained with XMM-Newton for the σ Ori cluster by Franciosini et al. (2006, hereafter FPS06) to investigate possible differences between the two clusters.
The λ Ori region was first observed in X-rays with Einstein, which found five X-ray sources, one identified with the hot star λ Ori (Stone & Taam 1985) . The ROSAT All-Sky Survey de- tected several X-ray sources identified with new T Tauri stars Neuhäuser et al. 1995 Neuhäuser et al. , 1997 Alcalá et al. 1996; Magazzu et al. 1997) . The central hot star was observed with ASCA by (Corcoran et al. 1994 ) who found a hard spectrum with temperatures of 0.3 and 2.3 keV. Recently, Barrado et al. (2011) has performed an XMM-Newton observation of two fields to the east and west of the cluster centre, partially overlapping our observation. However, a detailed X-ray study of the central region of the cluster has not been done before. Our observations represent the first comprehensive analysis of the X-ray properties of the low-mass population located around the hot star λ Ori.
The paper is organised as follows. The X-ray observations and data analysis are described in Sect. 2. In Sects. 3 and 4 we present the results of the variability and spectral analysis, while in Sect. 5 we discuss the X-ray luminosities of cluster members and candidates. In Sect. 6 we compare our results with those obtained for the σ Ori cluster. Conclusions are given in Sect. 7.
Observations and data analysis
The λ Ori cluster was observed by XMM-Newton from 20:46 UT on September 28, 2006 to 12:23 UT on September 29, 2006 (Obs. ID 0402050101), for a total duration of 56 ks, using both the EPIC MOS and PN cameras and the RGS instruments. The EPIC cameras were operated in full frame mode with the thick filter.
Data analysis was carried out using the standard tasks in SAS v.7.1.0. The PN data were time-filtered to exclude a period of high background due to proton flares at the end of the observation. The final effective exposure time was ∼ 55 ks for each MOS and ∼ 53 ks for PN. We limited our analysis to the 0.3−7.8 keV energy band to exclude low-energy events, which are mostly noise and artifacts, and the background, which dominates the emission above 7.8 keV. The image of the combined MOS1+MOS2+PN events in the 0.3−7.8 keV energy band is shown in Fig. 1 .
Source detection
Source detection was performed both on the individual datasets and on the merged MOS1+MOS2+PN dataset using the wavelet detection algorithm developed at INAF -Osservatorio Astronomico di Palermo (Damiani et al. 1997) , adapted to the EPIC case. The EPIC version was specifically designed to handle in a straightforward way source detection on the sum of datasets from different instruments. We used a detection threshold of 5σ, which ensures at most one spurious detection in each dataset, and which was determined from a set of 100 MonteCarlo simulations of pure background datasets with the same number of counts as the observation. To take the different sensitivities of the PN and MOS cameras into account, in the detection on the summed dataset we scaled the PN exposure map by a factor of 3.1, derived from the median ratio of PN to MOS count rates of common sources detected on the individual datasets. Count rates derived from the detection on the summed dataset are expressed as MOS equivalent count rates.
After removing a few obviously spurious detections (due to hot pixels, to the point spread function structure of the central bright source, to out-of-time events, or to sources split by CCD gaps), we obtained a total of 167 sources, three of which were only detected on a single instrument. To check for systematic offsets in the derived X-ray coordinates, we cross-correlated the source list with the 2MASS catalogue (Skrutskie et al. 2006) , using an identification radius of 6 arcsec. We found a median offset between the X-ray and optical positions of −1.8 arcsec in right ascension and −0.2 arcsec in declination. This offset was then used to correct the X-ray coordinates before performing the source identification. The detected sources with the corrected Xray coordinates are listed in Table A .1, where we also indicate their counterparts identified in Sect. 2.4.
Extraction and analysis of light curves and spectra
For all sources we extracted light curves from the MOS and PN event files, using circular regions with radii ranging between 24 ′′ for the brightest, isolated sources, down to 10 ′′ for very close sources to avoid mutual contamination. To investigate the source variability, we applied a Kolmogorov-Smirnov test on the unbinned photon arrival times for the combined PN and MOS data. To this aim, we selected only events occurring in the "good time intervals" in common between all instruments. For sources falling on CCD gaps or close to the CCD edges in one of the instruments, we excluded data from that instrument to avoid possible spurious effects. The results of the variability analysis are discussed in Sect. 3.
Spectral analysis was performed for sources with at least 500 counts in the PN, or in the MOS if PN was not available. PN and MOS spectra were extracted from the same circular regions used for the light curves. We excluded from the analysis the sources located on the point-spread-function wings of λ Ori AB, since their spectra below 1 keV are strongly contaminated by the emission from the central hot star. In a few cases we also excluded spectra from either the PN or the MOS cameras for sources located on a CCD gap or at the CCD edge of the instrument, since the effective number of source counts from that instrument is considerably reduced. The only exception was made for source LOX 1, which falls close to the edge of the PN detector but is outside the field of view of both MOS cameras. Background spectra were extracted from nearby circular regions free from other X-ray sources and on the same CCD chip, using the same extraction radius as the corresponding source region.
Response matrices and ancillary files were generated for each source using the standard SAS tasks rmfgen and arfgen. Spectra were rebinned to a minimum of 20 counts per bin and were fitted in XSPEC v.12.5.0. For each source, we performed joint fits of the available PN and MOS spectra using the APEC v.1.3.0 thermal plasma model with one or more temperature components, and the WABS model to account for interstellar absorption. Abundances were left free to vary, and values are relative to the solar abundances by Anders & Grevesse (1989) . Errors for each parameter were computed for ∆χ 2 = 2.706.
To investigate the nature of fainter sources, we also computed hardness ratios for all sources, using backgroundsubtracted counts extracted from the same circular regions defined above. Counts were extracted from the PN dataset (or MOS for sources outside the PN field of view or on CCD gaps) in the following energy bands: 0.3−1.0 keV (soft, S ), 1.0−2.4 keV (medium, M) and 2.4−7.8 keV (hard, H). Hardness ratios were then defined as HR 1 = (M−S )/(M+S ) and HR 2 = (H−M)/(H+ S ). This choice allows us to distinguish between stellar sources, which are generally soft and emit most of their luminosity below ∼ 1 keV, and highly-absorbed extragalactic sources, whose emission would mainly be in the higher-energy bands.
Optical catalogue
To identify the detected sources, we constructed an optical catalogue of known objects in the XMM-Newton field of view from the literature. Dolan & Mathieu (1999 performed an extensive photometric and medium-resolution spectroscopic survey of the entire SFR, finding a total of 266 late-type members, 72 of which were located in the central 1 deg region around λ Ori. Barrado y Navascués et al. (2004 , 2007 , using deep optical/infrared photometry, low-resolution spectroscopy, and Spitzer imaging, extended the known cluster population to very-low mass stars and brown dwarfs, finding ∼ 150 members and photometric candidates down to ∼ 0.02 M ⊙ . High-resolution spectroscopy by Sacco et al. (2008) and Maxted et al. (2008) provided accurate membership information for ∼ 90 low-mass candidates. Recently, Bouy et al. (2009) performed a deep nearinfrared survey of the central 5 arcmin of the cluster, finding nine new very low-mass member candidates and a faint visual companion to λ Ori C. We added additional bright stars from the photometric study by Murdin & Penston (1977) and from the X-ray study by Stone & Taam (1985) . Proper motion membership for bright stars is provided by Dias et al. (2001) and Kharchenko et al. (2004) . Most of the stars in the catalogue, with the exception of a few faint objects, have 2MASS counterparts, so we used their 2MASS coordinates to have more accurate positions.
The final catalogue contains 153 stars falling in the XMMNewton field of view, 128 of which are probable or possible cluster members. 85 late-type members are spectroscopicallyconfirmed, showing both the presence of youth indicators (strong Li i and/or weak Na i absorption lines), as well as radial velocity consistent with that of the cluster (Dolan & Mathieu 1999; Sacco et al. 2008; Maxted et al. 2008) . Six of the cluster members are early-type (O-B-A) stars, including the O8 III and B0 V components of λ Ori AB, and the Herbig Ae/Be (HAeBe) star HD 245185. Spitzer data are available for five of the earlytype members (Hernández et al. 2009) , and for 93 of the latetype members and candidates (Barrado y Navascués et al. 2007 ), among which 33 have optically thick (Class II) or evolved, optically thin discs (EV). However, only nine of the stars with discs in our sample are known to be accreting from spectroscopic observations.
For all cluster members and candidates we derived masses, ages, and bolometric luminosities from the available colourmagnitude diagrams, using the Siess et al. (2000) evolutionary tracks with the Kenyon & Hartmann (1995) colour transformations for stars brighter than I c ∼ 16 mag, and the Baraffe et al. (1998) tracks for fainter stars. We used primarily the I vs. (R − I) diagram for brighter stars, and the I vs. (I − J) diagram for faint stars. For a few very-low mass stars and brown dwarfs falling outside the model grids, we estimated the masses and luminosities from the J (or K s ) magnitude assuming an age of 5 Myr; similarly, we used the V magnitude and the spectral type to estimate the mass and luminosity of λ Ori C for the same age. For λ Ori AB, the mass and luminosity were taken from Dolan & Mathieu (2001) .
Source identification
We cross-correlated the X-ray source list with the optical catalogue using a search radius of 4 arcsec. This radius was determined by constructing the cumulative distribution of the offsets between X-ray and optical position, following Randich & Schmitt (1995) ; with this value, we expected to have at most three spurious identifications. We found 67 sources with at least one optical counterpart in our catalogue, 58 of which were identified with cluster members or candidates (indicated with "Member" in Table A .1). Three sources were identified with early-type members with M > 2 M ⊙ : λ Ori AB (the two components are too close to be resolved by XMM-Newton), the B9 star HD 245140, and the HAeBe star HD 245185. We detected ∼ 60% (9/15) of the stars with M = 1.0 − 2.0 M ⊙ , and ∼ 74% of stars between 0.25 and 1.0 M ⊙ (43/58). Only three of the 58 objects with M < 0.25 M ⊙ were detected, LOri 083, LOri-SOC-1, and LOri-SOC-2, with masses of 0.16−0.24 M ⊙ and Xray luminosities of ∼ 8 × 10 28 erg s −1 . The X-ray and optical properties of the sources identified with cluster members and candidates are listed in Table 1 .
One of the sources, LOX 70, identified with the F8V star λ Ori C, has another faint counterpart within the identification radius, LOri-MAD-30. This object was recently discovered by Bouy et al. (2009) as a close, very-low mass visual companion to λ Ori C. Assuming it belongs to the cluster, they estimate a mass of ∼ 0.04 M ⊙ for an age of 5 Myr from its magnitude (K s = 14.75 mag), i.e. it would be a candidate brown dwarf. The X-ray emission from such a very-low mass object is expected to fall below the detection limit (see Sect. 5 and Fig. 7) , and it would therefore be more than one order of magnitude lower than the observed count rate. LOX 70 underwent a flare during the observation with an increase in the count rate by more than a factor of 2 (see Sect. 3). Unfortunately, the strong contamination from λ Ori AB hides the quiescent emission level of the source, preventing a definitive conclusion about the origin of the X-ray emission. However, since the luminosity of LOX 70 is consistent with that of other stars of masses similar to λ Ori C (∼ 2 M ⊙ ), we believe it more likely that the observed emission is associated with the F8 star. Therefore, we have assigned all the observed flux to λ Ori C.
For the remaining 71 undetected cluster members and candidates we computed 3σ upper limits at the optical positions using the wavelet algorithm; their optical and X-ray properties are given in Table A 
Notes.
(a) Identifications labeled DM, LOri and LOri-SOC are from Dolan & Mathieu (1999) , Barrado y Navascués et al. (2004) and Bouy et al. (2009) , respectively. The 2MASS objects (2M) are stars X2 and X4 from Stone & Taam (1985) .
(b) X-ray luminosity in the 0.3−8 keV band; values marked with an asterisk are derived from spectral fits.
(c) Disk classification from Barrado y Navascués et al. (2007) and Hernández et al. (2009) ; for stars with discs (II or EV) we also indicate whether there is spectroscopic evidence for accretion (a) or non accretion (n).
(d) An "s" in this column indicates spectroscopically-confirmed members (i.e. objects with spectroscopic youth features and radial velocity consistent with membership).
magnitude diagrams, and in the (J − K s ) vs. (I − J) colour-colour diagram is shown in Fig. 2 .
The other nine sources were identified with cluster nonmembers (indicated with NM in Table A and Kharchenko et al. (2004) and is located significantly above the cluster sequence in colour-magnitude diagrams. The remaining two objects (LOX 64 = TYC 705-860-1 and LOX 113 = TYC 705-937-1) are located significantly above the cluster sequence, and we consider them as probable photometric nonmembers.
We cross-correlated the source list also with the 2MASS and the Dolan & Mathieu (2002) catalogues, finding counterparts for additional 28 X-ray sources, with two possible identifications within 4 arcsec in the case of source LOX 150. All the counterparts were found in the 2MASS catalogue, and 15 of them have also optical photometry from Dolan & Mathieu (2002) . Among these objects, 23 have photometry that is consistent with the cluster sequence in optical and infrared colour-magnitude diagrams and colour-colour diagrams, as shown in Fig. 2 , therefore we classify them as possible new candidate members. We list their properties in Table 2 , and the other identifications are indicated in Table A .1.
The two counterparts of LOX 150 are located at 1.1 and 2.8 arcsec from the X-ray source. These two objects are very similar with comparable magnitudes and estimated masses of ∼ 0.1−0.2 M ⊙ . From the inspection of the X-ray image, it is not possible to determine whether the bulk of the emission is associated with only one of the two stars or if both contribute to the source in a comparable way. Therefore, for the following analysis we divided the X-ray flux equally between them.
To increase the number of identifications, we also searched all available catalogues in the VizieR database 1 , finding counterparts for an additional 12 sources. Five sources have counterparts in the USNO-B1.0 catalogue, six identifications are found in the Guide Star Catalogue 2.3 (GSC2.3), all classified as non-stellar objects, and the remaining one is the radio source 4C 09.21 (Day et al. 1966; Williams et al. 1968) . We list these identifications also in Table A .1. The remaining 60 sources have no known counterpart in any astronomical catalogue. It is likely that most of them are background extragalactic objects. We estimated the expected number of extragalactic X-ray sources in our observa- Table 2 . X-ray sources identified with possible new cluster candidates. (b) X-ray luminosity in the 0.3 − 7.8 keV band assuming d = 400 pc. Values marked by an asterisk are derived from the spectral fits.
(c) For stars with optical photometry, L bol and masses were derived from the optical colours; for the others, they were computed from the J or K s magnitudes for an age of 5 Myr.
(d) The X-ray luminosity has been equally divided between the two stars (see text).
tion using the studies by Tozzi et al. (2001) and Alexander et al. (2003) . Considering that the sensitivity of our observation ranges from 0.2 cts ks −1 in the centre of the field to 0.7 cts ks −1 in the outer regions, and assuming a power-law spectrum with Γ = 1.4 and a Galactic absorption of 2 × 10 21 cm −2 towards λ Ori, we expect ∼ 65−80 extragalactic X-ray sources in our observation, in agreement with the number of unidentified sources.
To further check the nature of unidentified sources, in Fig. 3 we plot the hardness ratios for all detected sources. As expected, all known cluster members and candidates show soft spectra with HR 1 < ∼ 0.2 and HR 2 < 0. Similar hardness ratios are found for known cluster non-members and for all the new candidates except one. On the other hand, most of the sources with USNO-B1/GSC2.3 identification or without identification have HR 1 > 0.2, indicating harder spectra and supporting their identification with extragalactic objects.
As mentioned above, one of the new candidates, LOX 34, shows a significantly harder emission, with HR 1 = 0.85 and HR 2 = −0.17. This object is classified as stellar in the GSC2.3 catalogue and is too bright (R = 17.1 mag, I = 14.9 mag) to be an extragalactic object. Its position in the J vs. (J − K s ) and (J − K s ) vs. (I − J) diagrams indicates the presence of infrared excess. The source is too faint to perform a reliable spectral analysis (∼ 160 counts in PN); however, its PN spectrum appears to be consistent with a highly-absorbed coronal source with a temperature of ∼ 1 keV, similar to the values found for cluster members (see Sect. 4). The high value of HR 1 is a consequence of the high absorption that strongly reduces the observed emission below 1 keV. Therefore, we believe that LOX 34 might be a cluster member observed through a significant amount of circumstellar material (maybe an edge-on disk?). Optical spectroscopic observations will be required to confirm its nature.
Variability
Many of the sources showed significant variability during our observation, mostly in the form of flares or low-level, irregular variability, as well as gradual variations over the whole observations. The Kolmogorov-Smirnov test indicated variability at the 99% confidence level in 18/58 (31%) cluster members and in 8/23 (35%) new candidates. An additional two cluster members were variable at the 95% level. All variable sources are late-type objects, with the exception of the B9 star LOX 46 = HD 245140, which showed the onset of a strong flare just before the end of the observation. Significant flares were observed in additional five sources, including one of the new candidates (LOX 79). The combined PN+MOS1+MOS2 light curves of these sources are shown in Fig. 4 . These flares show the typical flare behaviour, commonly observed in active late-type stars, with a fast rise over ∼ 2−5 ks followed by a slower decay of ∼ 10−20 ks, and increases in the count rate by factors of ∼ 2.5−10.
As mentioned in Sect. 2.4, in the case of the F8 star LOX 70 = λ Ori C, which lies on the wings of λ Ori AB, the observed emission is strongly contaminated by the hot star. Therefore, a significant fraction (if not all) of the steady emission level observed outside of the flare is likely due to the contribution from λ Ori AB. However, since the emission from the hot star is steady throughout the entire observation, the flare can be entirely attributed to LOX 70. Unfortunately, the fact that the intrinsic quiescent level of LOX 70 is not known does not allow us to determine the true strength and duration of the flare.
In Fig. 5 we plot the light curves of sources showing gradual variations in the X-ray emission level that are not clearly attributable to flares. Two of them (LOX 17 and LOX 67) show a maximum at the beginning of the observation followed by de- cay by a factor of ∼ 2, which could either represent the decay phase of a moderate flare or modulation of the emission due to stellar rotation. Another source (LOX 166) shows a gradual rise by a factor of 2 in ∼ 15 ks, while LOX 81 shows an increase in the emission level by a factor of ∼ 3 with comparable rise and decay times of 15−20 ks. Finally, LOX 98, identified with a new candidate, shows a sharp increase by a factor of ∼ 1.5 followed by a nearly steady median emission level. Similar trends are commonly observed in PMS stars (FPS06; Preibisch & Zinnecker 2002; Skinner et al. 2003; Favata et al. 2005; Ozawa et al. 2005; Franciosini et al. 2007 ; Getman et al. Caballero et al. 2010) , and can be interpreted as modulation of the emission from active or flaring regions unevenly distributed on the stellar surface and rotating in and out of view (Stelzer et al. 1999 ).
Spectral analysis

λ Ori AB
The hot star λ Ori AB (LOX 71) is the strongest source in the centre of the field of view. Its PN and MOS spectra are shown in Fig. 6 . The spectrum is soft, with the emission falling below the background level above ∼ 4 keV. We fitted the spectra using three temperature components and variable individual abundances, and the hydrogen column density N H was left free to vary. The third component was required to fit the higher energy part of the spectrum, which was slightly underestimated above 2 keV using only two temperatures.
The resulting best-fit parameters are given in Table 3 . The column density is consistent with the value N H = 7.4×10 20 cm −2 derived from the cluster reddening E(B − V) = 0.12 mag (Diplas & Savage 1994 ) using the standard relation N H /A V = 2 ×10 21 cm −2 mag −1 (Vuong et al. 2003 , and references therein). The bulk of the emission is concentrated at temperatures of ∼ 0.2−0.3 keV (2−3 MK), with equal emission measures. A much weaker component is present at ∼ 0.7 keV (8 MK). Abundances are subsolar, ranging between 0.3 and 0.5 of the solar values. These results are consistent with those found for the O9.5V star σ Ori AB, although the third component at 0.7 keV was not present in this star (Sanz-Forcada et al. 2004; Skinner et al. 2008) , and for other hot stars (e.g. Zhekov & Palla 2007; Cohen et al. 2008; Nazé 2009 ). The unabsorbed X-ray luminosity of λ Ori AB in the 0.3−8.0 keV band is L X = 1.2 × 10 32 erg s −1 . The star λ Ori AB was previously observed with ASCA by Corcoran et al. (1994) , who found a significantly hotter spectrum, with a component at ∼ 2.3 keV (∼ 25 MK) in addition to the cooler emission at 0.3 keV (3 MK), and an iron abundance of ∼ 0.2 solar. We do not find any evidence of such a hot plasma in our observation. However, the ASCA spectrum was extracted from a region of 4 ′ radius: as shown in Fig. 1 , there are several bright sources around λ Ori AB falling within this radius. If we extract a combined spectrum of the central hot star and all the other sources included in the ASCA extraction region, a hot tail appears, requiring a plasma component at ∼ 2.5 keV (30 MK). We therefore conclude that the hot plasma inferred from the ASCA data was not a property of the hot star itself, but the result of contamination of its spectrum by the unresolved hotter sources close to it.
Other cluster members and candidates
Apart from λ Ori AB, the sample selected for spectral analysis includes 17 cluster members and candidates, all of which are late-type stars, except for the B9 star LOX 46 (HD 245140). Only one of the stars in the sample, LOX 100 (DM 33), is a Class II star with active accretion. Two of the selected sources, LOX 31 and 87, showed flares during the observation; however, their count rates are too low to perform a time-dependent analysis, so only the spectrum for the entire observation was fitted. In addition, spectral analysis was also performed for two of the 2MASS candidates (LOX 98 and 109).
All the spectra were fitted with a 2-temperature model with variable global abundance. In two cases, only one temperature component was enough to describe the spectrum, the other one being unconstrained by the fit. At first we left the hydrogen column density free to vary; however, we found that in general it was poorly constrained but consistent with the value N H = 7.4 × 10 20 cm −2 for all sources, including the two new candidates. We therefore repeated the fits keeping N H fixed to this value, and the resulting best-fit parameters are given in Table 4 .
In the case of the classical T Tauri star LOX 100, the fit with fixed N H is not good at low energies, although acceptable (χ 2 r = 1.3). However, we were not able to find a reasonable fit by letting also the column density vary: in fact, we obtained a high value of N H (7 × 10 21 cm −2 ), a very low abundance (0.02 solar), Table 4 . Best-fit parameters from the joint PN and MOS spectral fits for bright cluster members and two new candidates. All the sources in our sample, including the two new candidates, have similar coronal properties. We find plasma temperatures of T 1 ∼ 0.3 − 0.9 keV (3−10 MK) and T 2 ∼ 0.8 − 2.7 keV (9−30 MK), emission measure ratio E M 2 /E M 1 ∼ 0.3 − 3.6, and subsolar abundances (Z ∼ 0.1 − 0.3 Z ⊙ ), in agreement with those obtained for the σ Ori cluster (FPS06; López-Santiago & Caballero 2008) and for other young clusters and SFRs (e.g. Feigelson & Montmerle 1999; Getman et al. 2005; Güdel et al. 2007 ). The average plasma temperature, weighted with the emission measure, varies between 0.7 and 1.4 keV (8−16 MK).
The plasma parameters derived for the B9 star LOX 46 (HD 245140) are consistent with those of the other late-type sources. As shown in Fig. 4 , this star underwent a flare at the end of the observation. Late-B stars are not expected to have either strong winds or magnetically active coronae, and their Xray emission is generally attributed to late-type companions. The presence of flaring activity and the similarity of the X-ray properties of LOX 46 to those of later-type stars support the hypothesis that the observed emission comes from an unknown companion rather than from the B9 star itself.
HD 245059
HD 245059 (LOX 14, spectral type G8−K3) is the brightest source in our observation, located at the northwestern edge of the EPIC field of view (see Fig. 1 ). This star, first detected in X-rays with Einstein (Stone & Taam 1985) , has been classified as a weak-lined T Tauri star, due to its strong Li i absorption and weak Hα emission (Fernandez et al. 1995; Alcalá et al. 1996 Alcalá et al. , 2000 Li & Hu 1998) . However, as mentioned in Sect. 2.4, HD 245059 is located significantly above the cluster sequence and has a radial velocity of 19.8 ± 1.0 km s −1 (Alcalá et al. 2000) , inconsistent with that of the λ Ori cluster (27.0 ± 0.5 km s −1 ; Sacco et al. 2008; Maxted et al. 2008) . Its proper motion (µ α cos δ = 11.5 ± 1.5 mas yr −1 , µ δ = −35.3 ± 1.0 mas yr −1 ; Dias et al. 2001 ) is also significantly higher than that of the cluster (0.5 ± 2.8 and −2.5 ± 2.8 mas yr −1 ; Dias et al. 2001) . Recent Keck and Chandra observations have resolved it into a visual binary (Baldovin-Saavedra et al. 2009), although there is no evidence of radial velocity variations (Fekel 1997; Alcalá et al. 2000) . The radial velocity and proper motion of HD 245059 appear to be consistent with those of the recently identified 32 Ori moving group (v r = 18 km s −1 , µ α cos δ = 8 mas yr −1 , µ δ = −33 mas yr −1 ; Mamajek 2007). This group, located at a distance of ∼ 90 pc, consists of a number of late-type stars detected in the ROSAT All Sky Survey (e.g. Alcalá et al. 2000) and comoving with the massive binary 32 Ori; the estimated age is ∼ 25 Myr.
The light curve of HD 245059 shows a steady increase by a factor of 1.5 during the entire observation, with a small flare at the end. We fitted the spectra using a three-temperature model with variable individual abundances, and the best-fit parameters are listed in Table 3 . The plasma temperatures are 0.4, 0.8, and 1.9 keV (∼ 5, 9, and 20 MK) with comparable emission measures, and abundances are strongly subsolar (0.2−0.4), with the exception of Ne which is higher (0.7). We find a column density N H ∼ 2 × 10 20 cm −2 , a factor of ∼ 4 lower than the cluster mean value. Our results are consistent, within the errors, with those obtained with Chandra for the combined spectrum of the two binary components 2 (Baldovin-Saavedra et al. 2009, Table 3 ). If the star were at the distance of the λ Ori cluster, it would have a combined X-ray luminosity of 8 × 10 31 erg s −1 : if we assume the same flux ratio between the two components found by Chandra, the brightest one would still have L X ∼ 6 ×10 31 erg s −1 , which is nearly one order of magnitude higher than cluster members with similar colours. On the other hand, if HD 245059 belongs to the 32 Ori group at 90 pc, its combined X-ray luminosity would decrease to ∼ 4 × 10 30 erg s (Mamajek 2007) . The derived X-ray luminosity is also consistent with the values found for solar-type stars in λ Ori. These results support the hypothesis that HD 245059 is a foreground young star belonging to the 32 Ori group.
X-ray luminosity of cluster members
For the brightest sources for which spectral analysis is available, X-ray fluxes in the 0.3−8.0 keV band were derived directly from the best-fit models (see Tables 3 and 4) . For the other cluster members and candidates, we used the results of the best-fit models in Table 4 to derive a count rate to flux conversion factor. To this aim, we computed the ratio between the unabsorbed Xray fluxes derived from the spectral fits and the count rates obtained from the wavelet algorithm on the summed dataset, and ences in the derived N H might be a consequence of the differences in the fitted abundances, since these parameters are not independent. then took the median value. The derived conversion factor is CF = 8.7 × 10 −12 erg cm −2 cnt −1 , with an uncertainty of ∼ 15% (1σ standard deviation). X-ray luminosities were then computed using the cluster distance of 400 pc.
Applying this conversion factor to the 3 σ upper limits for undetected members, we obtain a limiting sensitivity L X ∼ 3 × 10 28 erg s −1 in the centre of the field, decreasing to ∼ 6 × 10 28 erg s −1 at 12 ′ offaxis, and to ∼ 1 × 10 29 erg s −1 in the outer regions covered only by the MOS cameras.
In Fig. 7 we show log L X and log L X /L bol as a function of mass for all cluster members and candidates, including the new candidates with optical photometry. The figure does not include the central O star λ Ori AB (M ∼ 27 M ⊙ ), which has a luminosity of ∼ 10 32 erg s −1 and log L X /L bol ∼ −6.7, consistent with the typical value found for hot stars (log L X /L bol ∼ −7; Pallavicini et al. 1981; Berghöfer et al. 1997; Sana et al. 2006) . We find that L X increases with stellar mass up to M ∼ 2 M ⊙ , and then drops at higher masses, as commonly observed in SFRs and young open clusters. Below ∼ 0.3 M ⊙ , the X-ray emission of cluster members drops below the sensitivity limit of our observation, resulting in the lack of detections at lower masses. We fitted the relationship below 2 M ⊙ using the EM algorithm as implemented in asurv Rev. 1.2 (Lavalley et al. 1992) , finding log L X = (1.86±0.30) log M/M ⊙ +(29.72±0.14), with a standard deviation of 0.84. The derived slope is in good agreement with those derived for Taurus-Auriga (1.69 ± 0.11; Telleschi et al. 2007 ) and IC 348 (1.97 ± 0.24; Preibisch & Zinnecker 2002) , while it is higher, although consistent within the errors, than the one found for the Orion Nebula Cluster (1.44 ± 0.10; Preibisch et al. 2005) . On the other hand, L X /L bol is nearly constant up to ∼ 1 M ⊙ , and then decreases at higher masses. The median value for M ≤ 1 M ⊙ is log L X /L bol ∼ −3.3 for detections, and ∼ −3.6 taking upper limits into account, similar to what is found for the σ Ori cluster (FPS06) and for other young clusters and SFRs of comparable age (e.g. Flaccomio et al. 2003; Preibisch et al. 2005; Telleschi et al. 2007 ). As shown in Fig. 7 , the new candidates fit into these trends very well. Only one star, DM 24 = LOX 62 (M ∼ 1.4 M ⊙ ), deviates significantly from the trend, with L X ∼ 10 29 erg s −1 and log L X /L bol ∼ −5, one order of magnitude lower than the other members of similar mass. This star has strong Li i absorption and variable radial velocity (Dolan & Mathieu 1999; D'Orazi et al. 2009 ), suggesting it is a spectroscopic binary. Therefore, its membership in the cluster is not fully confirmed.
There are 12 stars with masses between 0.4 and 2 M ⊙ that are not detected, with upper limits of ∼ 3 − 8 × 10 28 erg s −1 , significantly lower than detected members in this mass range. Only one of them, LOri 030 (M ∼ 0.4 M ⊙ ), identified by Barrado y Navascués et al. (2007) as a Class III source, was observed spectroscopically by Sacco et al. (2008) , who classified it as a possible SB2 cluster member. All the other non-detections are photometric candidates from Murdin & Penston (1977) and from Barrado y Navascués et al. (2004 , 2007 ; the latter were all classified as Class III sources. Since PMS stars are known to be strong X-ray emitters, with luminosities 10 − 10 4 times higher than older late-type stars (Feigelson & Montmerle 1999) , the lack of strong X-ray emission and of any evidence of circumstellar material suggests that these objects might be older field stars unrelated to the λ Ori region, rather than true cluster members. Figure 8 (top panel) shows the X-ray luminosity functions (XLFs) for stars in the two mass bins 0.5−1 M ⊙ and 0.25−0.5 M ⊙ , computed using asurv. The difference in X-ray luminosity between the two samples is clearly evident. We find a In the bottom panel of Fig. 8 we compare the XLF of the sample of Class II and EV sources with that of Class III sources, for stars with M = 0.25 − 0.5 M ⊙ . Higher-mass stars with Spitzer classification are all Class III objects, therefore we exclude them from the comparison to avoid biases due to their higher luminosities. The two distributions are indistinguishable, with a median luminosity of log L X = 29.0 erg s −1 for both classes, in agreement with the results obtained for other young clusters and SFRs (e.g. Preibisch & Zinnecker 2001; Getman et al. 2002; Feigelson et al. 2003; Preibisch et al. 2005) . However, the sample of stars with discs is very small, containing only 12 objects, therefore this result might be affected by statistical biases and cannot be considered conclusive. Hα observations are available for 11 Class II or EV stars, showing evidence for accretion in six of them (Dolan & Mathieu 1999; Sacco et al. 2008) . Given the small size of the sample of accreting objects, the comparison of their XLF with that of non-accreting stars is not useful. Accreting stars were all detected except for one (located too close to a bright source), with luminosities of 1 × 10 29 − 2 × 10 30 erg s −1 , comparable to those of non-accreting members. 
Comparison with the σ Ori cluster
In this section we compare our results with those obtained for the σ Ori cluster. This cluster is very similar to λ Ori, with a few hundred PMS stars concentrated around a central O star and a comparable age of ∼ 2−5 Myr. However, as mentioned in Sect. 1, the two clusters differ for the higher fraction of stars with discs and stars with active accretion observed in σ Ori (Sacco et al. 2008 , and references therein) and for the supernova explosion that affected the λ Ori region.
The σ Ori cluster was observed by XMM-Newton by FPS06 at a similar sensitivity, and the data were analysed consistently with our present analysis, so that the results of the two observations can be directly compared. Another XMM-Newton observation to the west of the cluster centre has been performed by López-Santiago & Caballero (2008) ; however, to avoid possible biases, we did not include their data in our comparison, since their observation was performed with a different filter, implying a different sensitivity limit, and it was analysed using a different method. After the FPS06 paper was published, several new studies of the σ Ori cluster have become available, which have significantly improved the membership information for many stars. Before performing the comparison, we have therefore updated the catalogue of FPS06, using mainly information from the Mayrit catalogue by Caballero (2008b) , the spectroscopic studies by Sacco et al. (2008) and Maxted et al. (2008) , the Spitzer study by Hernández et al. (2007) , the proper motion study by Caballero (2010) , and updated photometry from Kenyon et al. (2005) and Mayne & Naylor (2008) . We rejected ∼ 20% (40/210) of the late-type stars considered as members by FPS06, most of which were not detected in X-rays, and added 25 new members and candidates with M ∼ 0.1 − 2 M ⊙ , nine of which were detected by FPS06; for the others, upper limits were computed as described in FPS06 and in Sect. 2.4. Masses for σ Ori members were computed in the same way as for λ Ori (see Sect. 2.3). For consistency with FPS06 and other studies of the σ Ori cluster, we adopt the Hipparcos distance of 352 pc, although recent determinations give values between ∼ 385 pc and 420 pc (Caballero 2008a; Mayne & Naylor 2008; Sherry et al. 2008) . Using an average value of 400 pc would only increase the X-ray luminosities of σ Ori stars by ∼ 0.1 dex, without significantly affecting the distribution of stars in the mass bins considered in our analysis. Figure 9 shows L X and L X /L bol as a function of mass for detected members of the λ Ori and σ Ori clusters. There are no significant differences in the trends observed for the two clusters, except for a wider spread in the X-ray luminosities observed in σ Ori, which is particularly evident for masses between ∼ 0.5 and ∼ 1 M ⊙ : while the luminosities of λ Ori stars differ by less than 1 dex, the spread for the σ Ori cluster is ∼ 2 dex. In particular, there are several σ Ori members with log L X > 30.6 erg s −1 , i.e. brighter than λ Ori stars of similar mass. Most of these objects are very active, displaying strong flares or significant variability, and hotter plasma than observed in λ Ori, with average temperature above 2 keV. Such high-activity stars are not observed in λ Ori. However, since the number of stars in the λ Ori sample is much lower than in the σ Ori one, it is possible that the lack of stars at high-activity levels might be due to a statistical bias due to the smallness of the sample, rather than indicating a difference in magnetic activity between the two clusters.
In Fig. 10 we compare the XLFs of λ Ori and σ Ori stars in the 0.5−1 M ⊙ and 0.25−0.5 M ⊙ mass bins, and the medians of the distributions are given in Table 5 . In the upper panels, we show the comparison for the whole sample of cluster members and candidates. As already suggested by Fig. 9 , stars with M = 0.5 − 1 M ⊙ in λ Ori are less luminous in X-rays than those of 
Notes.
(a) Range of probabilities that the two samples are drawn from the same parent population, obtained from the two-sample tests in asurv.
σ Ori, with median X-ray luminosities differing by a factor of 2. The two-sample tests in asurv confirm that the two distributions differ at the 90% level. On the other hand, stars with M = 0.25 − 0.5 M ⊙ appear to be more luminous in λ Ori, although the highluminosity tails of the two XLFs are comparable.
The difference between the XLFs of stars with M = 0.5 − 1 M ⊙ can be explained, at least in part, with contamination of the samples by non-members. As mentioned in Sect. 5, all the nondetections among λ Ori stars in this mass range are only photometric candidates, which are likely to be older field stars, rather than true cluster members. Including these contaminants as candidates results in a lower median luminosity of the λ Ori sample. On the other hand, as shown in Fig. 9 , in the σ Ori sample there are some high-luminosity active stars that are not observed in λ Ori. Half of these bright stars are young objects with unknown radial velocity, and it is possible that some of them might belong to one of the foreground young populations that are present in the region (e.g. Alcalá et al. 2000; Jeffries et al. 2006) . To exclude the effects of contamination by non-members, in the bottom panel of Fig. 10 we compare the XLFs computed considering only spectroscopically-confirmed members, i.e. stars having both signatures of youth and radial velocity consistent with that of the clusters. In the 0.5−1 M ⊙ mass bin, all confirmed members in λ Ori and 95% of those in σ Ori are detected, and the discrepancy between the two XLFs is reduced, although the medians still differ by 0.2 dex. Similar results are obtained for the lower mass bin. In both cases, the results of the two-sample tests do not allow us to reject the hypothesis that the two distributions are derived from the same parent population. As a result, the differences observed in the upper panels of Fig. 10 are not real, but can be attributed to the uncertainties in the membership information of the two clusters. The residual differences in the XLFs of confirmed members are comparable to the expected uncertainties in the derived X-ray luminosities due to the uncertainties in the distance of σ Ori and in the derived conversion factors. Therefore, we conclude that there is no convincing evidence for any significant difference in the X-ray properties of the two clusters.
Summary and conclusions
In this paper we have presented the analysis of an XMM-Newton observation of the λ Ori cluster, centred on the O8 III star λ Ori AB. We derived the X-ray properties of cluster members and analysed the EPIC spectra of the central hot star and of the brightest sources in the field. Our results can be summarised as follows.
-We detected 58 cluster members and candidates above a limiting sensitivity of ∼ 3 × 10 28 erg s −1 , spanning the cluster sequence from the central O8III star λ Ori AB down to stars with M ∼ 0.2 M ⊙ , and identified 24 new possible cluster candidates from the 2MASS catalogue. We did not detect any X-ray emission from 12 Class III candidate members with masses between 0.4 and 2 M ⊙ , suggesting that these objects might be older field stars rather than cluster members.
-We found significant variability in ∼ 35% of detected members and candidates, including strong flares in ∼ 10% of them, in agreement with other observations of SFRs and very young clusters. -The emission from the central O III star is soft, with the bulk of the plasma at temperatures of 0.2−0.3 keV, and an Xray luminosity of ∼ 10 32 erg s −1 , in agreement with other observations of massive stars, and consistently with a wind origin. We did not find the hot component at ∼ 25 MK derived from ASCA, which can be attributed to contamination by the sources surrounding λ Ori AB and included in the large ASCA extraction region. On the other hand, latetype stars show harder spectra, with coronal temperatures of 0.3−0.9 keV and 0.8−2.7 keV and strongly subsolar abundances, as commonly observed in PMS late-type stars.
-The high X-ray luminosity derived from spectral analysis of the weak-lined T Tauri star HD 245059 confirms that it does not belong to the λ Ori cluster, but it is likely a foreground PMS star. -We found that L X increases with stellar mass up to 2 M ⊙ , with a slope of ∼ 1.9, in agreement with the results obtained for other SFRs and young clusters, while log L X /L bol is nearly constant around a median value of −3.5. No significant difference is found in the X-ray luminosity of stars with or without circustellar discs. -Finally, we compared the X-ray properties of λ Ori late-type stars with those of the coeval σ Ori cluster. The properties of the two clusters appear to be very similar, suggesting that stellar activity in the λ Ori cluster has not been significantly affected by the different ambient environment. Stone & Taam (1985) . The two stars with TYC identification are stars b and f in Murdin & Penston (1977) . (d) Member = previously known members and candidates, NM = previously known non-members, New?= possible new candidates. For known non-members we also indicate in parenthesis the reason for membership exclusion. (e) This star has a fainter visual companion (2MASS J05340664+1001034, J = 13.10 mag) at a distance of ∼ 5 arcsec, which however falls outside our identification radius (offset = 4.2 arcsec). Hernández et al. (2009) ; for Class II or EV stars we also indicate whether there is spectroscopic evidence for accretion (a) or not (n). (e) An "s" in this column indicates spectroscopically-confirmed members (i.e. objects with spectroscopic youth features and radial velocity consistent with membership).
